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Introduction 
In 1939 Cannon formulated “A Law of Denervation円引 for internal organs and their 
autonomic nerves. Since then a number of reports have been published concerning post-
denervation supersensitivity in various visceral smooth muscles. Very few of them, however, 
refer to the kidney, in spite of the increased number of cases of denervation of this organ, as a 
result of surgical operations including kidney transplantation, kidney bench surgery, and synthe-
tic vascular graft transplantation as a remedy for aneurysm of the abdominal aorta. 
We attempted to investigate the effects of post-denervation supersensitivity in the renal 
vascular smooth muscle on the renal circulation. The following two studies were made using re-
nal interlobar arteries removed from dogs which had their left kidney denervated. 
1) Reinnervation after renal denervation. 
2) The time course of changes in the response of the renal vascular smooth muscle to cate-
cholamines after denervation. 
Materials and Methods 
Fifty-five mongrel dogs of 6 to 15 kg body weight (mean土SD:9.5土 2.4kg) and of both 
sexes were used. Forty-eight of them underwent unilateral renal denervation on the left side, 
while the other 7 were left unoperated to serve as controls. The denervated dogs were anesthetiz-
ed by either intravenous or intramuscular injection of 25 mg/kg sodium pentobarbital and la para-
tomy was perfoロned. After sectioning the left renal artery it was reanastomosed under a surgi-
cal microscope and using interrupted suture with 7-0 nylon thread. Additionally section and 
anastomosis of the left renal vein were performed on the dogs from which both kidneys were to be 
removed after 6 months. 
In order to investigate the time course of the changes in the effects of denervation on the renal 
blood vessels, the denervated dogs were further divided into subgroups of 6,6,6, 8,6,8 and 8 and 
both kidneys were removed 2,7 and 14 days and 1.3 and 6 months after the denervation of the 
respective group. 
Key words: Surgical denervation, Vascular smooth muscle, Supersensitivity, Kidney, Magnus method, Histo・ 
chemical method. 
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All the dogs including those used as controls were sacrificed by exsangination from the com-
mon carotid artery under anesthesia with sodium pentobarbital prior to the removal of the kidney, 
which were then immediately placed in a nutrient solution described later. 
To study the density and pattern of innervation, the glyoxylic acid fluorescence histochemical 
method for monoamines was used. 
The interlobar artery obtained from each of the removed kidneys was promptly incubated for 
at least one hour in 2% glyoxylic acid in 0.1 M phosphate buffer solution (pH 7.0) at room 
temperature. 
After stripping away the adventitia in the solution, each artery was dissected longitudinally, 
blotted, stretched on a fluorescence-free glass plate and desiccated. The speciments were then 
heated to 100°C for 4 minutes and prepared for assessment by microscopy and microphotography. 
For fluorescence microscopy a Zeiss microscope was used with BG 12 and BG 50 primary and 
secondary filters, respectively. Using the interlobar arteries obtained from the unoperated 
kidneys as controls, reinn巴rvationof the adrenergic nerves was graded into five classes according 
to fluorescence intensities as shown in Table 1. In the present study, it took about 15 minutes 
after removal to place the interlobar arteries in the buffer solution. It was previously proved by 
preliminary experiments using femoral vein of rats that no significant reduction of the intensity 
in monoamine fluorescence was produced within the period of 15 minutes. 
Reactivity of renal blood bessels.: 
Immediately after the removal of both kidneys, the interlobar artery was isolated from each 
kidney and cleaned of the connective tissue under a dissecting microscope. Th巴arterywas then 
made into a 1-2 mm by 20 mm strip by spiral dissection at an angle of 45° 
The preparation was then suspended in 20 ml organ bath and 1.5 g resting tension was appli-
ed. The composition of the nutrient solution which was maintained at 37土0.5°Cand gassed with 
95% oxygen and 5% carbon dioxide, was as follows: (in mEq/l): Na+: 145, K+: 5.4, Mg++: 
2.1, Ca++: 2.9, C「： 135,HCOa-: 20.0, and glucose: 5.6: pH 7.4ー7.6.
Tension was measured using an isometric strain gauge (model, SB-lt-H.) and polygraph 
(model U-425 M, Nippon Koden). 
After allowing one ho¥ir for stabilization, the samples were exposed to drugs. 
Norepinephrine (NE) or dopamine (DA) were cumulatively added directly to the bath to 
reach the concentration range of 10 9-5×10→（mEq/l) or 2×10-s (mEq/l), respectively. For 
these experiments only one dose-response curve was obtained with each sample. The response of 
each interlobar artery from the denervated kidney to drugs was compared with its own counterlate-
ral control and evaluated by using Student’s test. 
Results 
1) Fluorescence histochemical studies based on monoamines. 
A dense fluorescent nerve plexus was noted in the control interlobar artery(Fig. 1-A), but the 
fluorescence became blurred on the 2nd d乱yafter denervation, and then completely disappeared 
on the 4th day as shown in Fig. 1-B. The fluorescence, although sparse, reappeared 3 months 
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Fi~. 1. 
C: 3 months after denervation. 
after denervation (Fig. 1 C). Six months after denervation, a meshwork of fluorescenct nerve 
fibers as shown in Fig. 1-D, was observed and graded into five classes depending on fluorescence 
intensity, and presented in Table 1. 
2) Reactivity of the renal interlobar artery. 
Fig. 2 illustrates the effect of denervation on the dose-response curves to NE. and DA in 
Table 1. Reinnervation of adrenergic nerves in the interlobar 
artery of the kidney. 
＼、 I Time after denervation (months) 
Gr~~I一一τ「~－ I 6 
。I 14 i I 
1 I I 11 i 
2 I f 3 : 2 
3 i I 2 I 17 
4 I I I 4 
This table shows the number of specimens. 
Grade 0・Adrenergicnerves not observed. 
Grade 1: Ob喝ervedin part of specimen without a netw唱rkpattern. 
Grade 2: Observed in part of specimen and form a network pattern. 
Grade 3: Observed in the major part of specimen with network pattern. 
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control and the contralaterally denervated samples. 
kidneys removed on the 14th day after denervation. 
In control tissues, the contractile response to NE isstarted at a concentration of 2×10-s 
mEq/l and reaches to its maximum at 10-• mEq/l, whereas on the denervated side, it started at as 
low as lQ-9mEq/1 and the maxium response was attained at 2×10-smEq/l. The dose-response 
curve of the denervated is shifted in an almost parallel fashion to the left of the control case. Com-
paring levels of ED 50, the degree of supersensitivity for NE produced by denervation is 10.6 fold. 
Similar results occur with DA, although the leftward shift at higher concentrations is les 
remarkable than that in lower ones. The differences in artery contractile response to NA and DA 
at the level of ED 50 are 26.6 fold on the control side and 48.4-fold on the denervated side. 
Depending on invididual cumulative dose response curves in Fig. 3, the difference in ED 50 
for both NE and DA between unoperated and denervated interlobar arteries were plotted against 
time after denervation. As early as 2 days post denervation, the sensitivity to NE and DA was 
Here the samples were prepared from 
N…山（n＝悶
Value ex戸essedas mean士S.D.(g) 
Table 2. Maximal contractions of interlobar artery to noradrenaline and 
dopamine 14 days after unilateral renal denervation in the dog. 
Using Student’s t-test there is no significant difference between 
denervated and control side. 
Dopamine (n = 10) 
3.49土1.15 3. 61±0. 92 Denervated 
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Time after denervation 
Fig. 3. Development of supersensitivity of the interlobar artery to noradrenaline and 
dopamine after unilateral renal denervation in the dog. Ordinate shows incre-
ate shows increase in sensitivity to noradrenaline and dopamine, expressed as 
ratio ED50 control/ED50 denervated side. Vertical bars represent standard 
deviation. *p < 0.05, **pく0.01 vs. time zero using Student’s t-test. 
increased 2.1士0.9(SD) and 1.8士0.8(SD) times respectively. The supersensitivity gradually 
increased thereafter and reached a maximum 2 weeks after denervation, when the sensitivity to 
NE and DA had been increased 10.6土2.7(SD) and 6.0土2.7(SD) times, respectively. No sig-
nificant difference was observed in the sensitivity during the period from 14 to 30 days after dener-
vation, but the maximum sensitivity noted one month after denervation was significantly decreased 
three months after denervation when reinnervation was demonstrated in the denervated interlobar 
arteries by the fluorescence histochemistry. The supersensitivity was markedly reduced together 
with the progress of reinnervation and 6 months after denervation弔thesensitivity to NE and DA 
was 1.5士0.3(SD) and 1.8土0.3(SD) times, respectively. 
Discussion 
1) Reinnervation in the kidney. 
Using the glyoxylic acid technique it was demonstrated that, in the renal interlobar artery, 
reinnervation started at three months after denervation and progressed gradually, and a meshwork 
of the regenerated nerves was noted almost over the whole surface of the blood vessel after dener-
vat1on. 
The renal nerves originating from sympathetic ganglia at Th12 to La levels pass through the 
greater or lumbar splanchnic nerves, celiac or superior mesenteric ganglion, and the renal plexus 
surrounding renal artery, and enter the kidney along the renal artery. In the kidney, they run 
along the adventitia to the interlobar, arcuate, interlobar, and then afferent arteries or arterioles. 
Most intrarenal nerves are found in the cortex or among convoluted tubules and terminate between 
tubular cells and in basal lamina. There are few nerves in the medulla. The nerve fibers are 
nonmedullated and s戸npatheticvasoconstriction nerve fibers.11•17> According to NOMURA et 
al.14>, who examined interlobar and arcuate arteries for reinnervation by the Falck-Hillarp method 
for cathecholamine fluorescence, no reinnervation appeared one and three months after denerva-
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tion, but reinnervation became appar巴nt6 months post-operatively, although the inensity of 
fluorescence was less intense than in the unoperated condition. N ORVELL15> measured NE con-
centrations in the kidney together with a histological study using Falck-Hillarp method, and 
reprorted that reinnervation started 3 to 6 mouths after denervation, but a complete recovery 
of the nervous system was not achieved even 26 months after denervation. He also mentioned 
that the reinnervation progressed differently depending on the site and NE concentration in the〆
kidney 26 months after denervation was about 75% of the normal concentration. 
Based on this evidence, in addition to the present findings, it is concluded that, after renal 
d巴nervation,reinnervation appears first in the proximal arteries such as the renal and interlobular 
arteries within 3 months and then in the arcuate and interlobar arteries after about 6 months and 
thereafter. As shown in Table 1, innervation in the int巴rlobararteries recovered to almost the 
normal state about 6 months after denervation, but the renal reinnervation on the whole seemed to 
be considerably inferior to the normal state. Although the small diameter arcuat巴andinterlobμ-
Jar arteries could not be examined for reinnervation in the present investigation by the glyoxyilic 
acid method, as shown in Table 1, reinnervation of various degrees up to meshwork formation 
could be demonstrated by the method over a wide area within an isolated artery. 
2) Supersensitivity of vascular smooth muscle in the kidney. 
In the present experiments carried out in vitro, supersensitivity appeared from as early as the 
2nd day after denervation and increased to reach th巴maximum2 weeks after denervation, when 
the sensitivity to NE and DA was increased 10.6 and 6.0 times without a change in the maximum 
contraction force. The supersensitivity at the maximum level was maintained without a signifi-
cant change until reinnervation appeared. It decreased markedly thereaft巴rwith the progress of 
reinnervation, but the sensitivity to NE and DA was stil increased 1.5 and 1.7 times, respectively, 
and the denervated arteries were signi五cantlysupersensitive over control one (p>0.01) even 
6 months after denervation, although there had been a considerable degree of innervation. 
The abundant blood supply relative to its weight is a feature of the kidney. 7> It accounts for 
about 20% of the cardiac output. The kidney is regulated by humoral factors such as catechola-
mines in the blood as well as neural factors. For example, blood vessels in the kidney constrict 
when the greater splanchnic nerve is excited, but the neural regulation of blood flow scarcely 
functions in the normal state and the renal denervation does not affect renal circulation. In shock, 
the nerves reduce renal blood flow and a blocking of renal nerves inhibits renal vascular resist-
ance3>. The changes in renal circulation in shock were attributed1to increased concentration of 
catecholamines in the bloods,13,23>. However, as these experiments on renal circulation in shock 
were carried out with the kidney under neural rasgulation or immediately after denervation, no 
consideration was given to supersensitivity after renal denervation. Essentially no report de-
scribed the morphology and function over a long period of time after the denervation. 
According to MrYAZAKrI3>, who measured both NE in the blood and renal blood flow in 
various pathological state, catecholamines exceeding 10 ng/ml in the blood flow in th巴cortexand 
reported that the sensitivity of cortical vascular system to NE was gradually increased in renal 
allografts within a few days after grafting. Based on these五ndings,as well as the findings ob目
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tained from the present experiments, the supersensitive kidney before reinnervation is considered 
to be prepared to reduce blood flow and, in an emergency state, such as shock, the reduction of 
renal blood flow will be easily achieved by intrinsic catecholamines increased in the blood. 
DA has been increasingly used therapeutically in shock, and after various types of surgery, 
because it increases renal blood flow.121 Treatment with DA in large doses, however, requires 
circumspection because of its α－adrenergic action which elevates blood pressure and causes vascu・
lar constriction in the kidney. Consequently, after operations which produce renal denervation 
and then a supersensitive condition, treatment with DA causes a reduction of renal blood from 
even if DA isgiven in a dose as low as one which does not produce a harmful effect on normal 
renal circulation. 
The contraction of the interlobar artery by both NE and DA was inhibited by phenoxybenza-
mine, suggesting that the contraction was a-adrenergic. The distribution of a-and ,8-receptors in 
the renal vascular beds has been estimated by measuring renal blood flow under anesthesia1•5•10>‘ 
but here is some range in the results obtained. The differences _in tl:1e strained condition of the 
renal blood vessels19> and in doses of catecholamines10> may account for such a diversity of reac・
tivity noted in the renal vascular beds. Therefore renal vascular responses to catecholamines 
’ should be evaluated depending on the intensity of the vascular tension and doses of catechola－ー
mines. The interlobar artery was loded with a static tension of 1.5 g so that the contraction due 
to NE could become maximum21>. Arteries in the body are constricted to some extent, but in 
general isolated arteries are fully dilated in a nutrient solution2>. Consequently, results obtained 
in vitro cannot always be equated to the response in the body. 
Although the present experiments were carried out with only the interlobar arteries to obtain 
information on vascular supersensitivity, the response of renal blood vessels to catecholamines 
usually varies in different sites and veins may also develop such supersensitivityis>. Taking it 
into consideration that the response of renal blood vessels varies depending on the intensity of 
tension and on concentrations on catecholamines, and there are some differences between in vivo 
and in vitro conditions, further studies on renal circulation in vivo are necessaηF to clarify the 
clinical significance of the changes in renal circulation due to supersensitivity of vascular smooth 
muscles after denervation. 
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からすでに NEIC対し2.11土0.89倍， DAK対し1.75 
土0.11倍と過敏性の出現を認めた．その後時間の経過
とともに過敏性が増大し，除神経後約2週間で NAiζ 
対し 10.58土2.68倍， DAに対して6.00土2.74倍とそ
れぞれ最大値に達する．さらに除神経後1ヶ月自に摘
出した症例では過敏性に優位の変化はみられなかった．
葉間動脈に神経再生が認められた除神経後3ヶ月自に
なると過敏性は著明に減少し，その傾向は6ヶ月目で
は一段と減少し NAに対し1.48土0.27倍， DAK対
し1.67±0. 39倍に低下している．
結語：以上の結果より腎除神経が行われた際は，腎
血管平滑筋の除神経過敏性のため NE,DAの使用に
十分な配慮が必要である．
